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Abstract

Energy dispersive X-ray diffraction (EDXD) measurements were conducted on fully hydrated samples of the cationic gemini
surfactant (2S,3S)-2,3-dimethoxy-1,4-bis(N-hexadecyl-N,N-dimethylammonium)butane dibromide, SS, as a function of tempera-
ture. The surfactant molecules self-assemble into multilamellar vesicles with a well-defined d-spacing which decreases as temperature
increases. The derived structural parameters, such as bilayer thickness, size of the water region interbilayer, number of water
molecules per surfactant molecule reveal reduced bilayer fluctuations, as a function of increasing temperature, consistent with the

observed reduction of the water layer.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Gemini surfactants are a wide class of amphiphilic
molecules consisting of two identical surfactant units
linked by a hydrocarbon spacer [1-3]. They present
atypical physical and chemical properties compared to
those of simple surfactants and lipids such as low critical
micellar concentrations and 1000-fold higher surface
activities [4,5]. In particular the variable length and
flexibility of the linker can modulate the mobility and
the packing of the monomer within the aggregate [6,7].
Cationic gemini surfactants have attracted a lot of at-
tention in colloid and surface chemistry due to their
peculiar characteristics [8]. Understanding the correla-
tion between the chemical structure of a surfactant and
the physical properties of the self-assembled aggregates
in aqueous solution has been a central focus over the last
two decades and could have a wide biological relevance.
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Recently, Gemini surfactants have also emerged as ef-
ficient transfection vehicles for carrying genetic material
into eukaryotic cells especially if they can further be
developed to compete with viral vectors in efficiency
[9-12]. To this end, interest in the structure, morphology
and physical properties of cationic Gemini surfactants is
justified in view of the possibility that surfactant-based
rational drug delivery systems can rely on physical
predictions.

In this Letter we report an energy dispersive X-ray
diffraction (EDXD) study, as a function of temperature,
on fully hydrated liposomal preparations of the cationic
gemini surfactant (2S,3S)-2,3-dimethoxy-1,4-bis(/N-hex-
adecyl-N, N-dimethylammonium)butane dibromide, SS
(chemical formula: C4,HgoBr,N,O,; chemical structure
reported in Fig. 1), as a function of temperature between
290 and 320 K [13].

In the present study we have used dimyristoyl phos-
phatidylcoline (DMPC) as a model system to test the
applicability of our experimental technique to the study
of lipid systems in excess water condition. The diffrac-
tion data were analyzed using a recently proposed
method [13].
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Fig. 1. (a) Electron density profile model. The distance z, calculated
from the center of the bilayer, is along the normal to the bilayer; (b) the
chemical structure of SS is schematically reported.

2. Experimental
2.1. Sample preparation

The aqueous dispersion of DMPC liposomes was
prepared according to the procedure described by
Hope et al. [14] A film of lipid (total 20.0 umol) was
prepared on the inside wall of a round bottom flask
by evaporation of its CHCI; solution and was stored
in a dessiccator overnight under reduced pressure.
After addition of 1 ml of PBS buffer solution (107> M
pH 7.4), the mixture was vortex-mixed and then
freeze-thawed six times from liquid nitrogen to 313 K.
Extruded vesicles were prepared passing the dispersion
10 times through a 100 nm polycarbonate membrane
(Whatman Nucleopore®). The extrusions were carried
out at 307 K, well above the transition temperature
of DMPC (298 K), using a 2.5 ml extruder (Lipex
Biomembranes, Vancouver, Canada). SS samples
were prepared by quaternization of the proper
diastereomer of 2,3-dimethoxy-1,4-bis(V,N-dimethyl-
amino)butane with a 20% excess of l-bromohexade-
cane in benzene at ambient temperature. The white
precipitates were purified and characterized as previ-
ously described [9]. A 0.012 M aqueous solution of SS
was prepared by adding 1 ml of bidistilled water to 10
mg of surfactant and gently heating till complete
solubilization. The lipid films were subsequently fully
hydrated from a water-saturated vapor for hydration.
This procedure allows to prepare fully hydrated dou-
ble layers [15].

2.2. X-ray diffraction experiments

The diffraction experiments were carried out using
an energy dispersive X-ray diffractometer elsewhere
described [16]. This instrument is composed of two
optical benches pivoting around a single central axis
perpendicular to the vertical scattering plane. This
common rotation axis is at the sample position.
The diffracted intensity is measured as a function of
the exchanged momentum ¢ =cEsinf (c=1.014
A~! keV™!') so that we can perform our measure-
ments at a fixed diffraction angle 6, having a white
incident polychromatic beam and an energy disper-
sive detector. The polychromatic radiation is pro-
duced by a standard X-ray tube mounted on one
arm while the EG&G solid-state acquisition system
is on the other one. The benches are moved by two
linear actuators whose minimum step movement
leads to a minimum angle incrementum and repro-
duction of 0.005°.

X-ray measurements of the DMPC dispersions were
carried out at a diffraction angle 6 = 0.4° covering a
g-range between 0.08 and 0.32 A~!. X-ray diffraction
patterns from SS dispersion were recorded as a
function of temperature at the suitable diffraction
angles 6 =0.7° and 0=0.95° covering a larger
g-range between 0.14 and 0.8 A~!. The samples were
placed in a suitable cell. The temperature of the
sample holder was controlled by a circulating liquid
bath to within +£0.5 K. Previous to exposing the
sample, it was equilibrated for a period of 2000 s for
each given temperature. Typical acquisition times,
depending on the sample concentration and the
desired accuracy of experimental data, varied between
1000 and 5000 s. No structural modification or dam-
age occurred during data acquisition because of the
low X-ray dose to which the samples were exposed as
EDXD experiments proceeded. The plain evidence for
no damage to biological samples was carely discussed
in a previous paper [17]. This fact strictly depends on
the low X-ray dose to which the samples are exposed
as EDXD experiments proceed. Indeed, the overall
dose (~ 10° photonss™!mm~2) is less than 100-fold
that of a typical flux absorbed during data collection
using moderate-intensity synchrotron radiation facili-
ties. All the diffraction data were corrected for the
transport function of the detector and for the parasitic
effects arising from the water and the mylar windows
of the sample cell. Since Bremmstrahlung radiation is
a continuous function of energy, EDXD patterns have
to be normalized to the incident radiation. The mea-
surement of the incident spectrum is collected by
placing the diffractometer arms in straight position
(0° inclination angle) and acquiring the direct beam
spectrum. Diffraction data were in turn divided to this
white spectrum.
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3. Results and discussion

EDXD experiments were first conducted on fully
hydrated samples of DMPC at 300 K. At this tempera-
ture the phospholipid is in the biologically relevant
liquid crystalline phase (smectic A) in which the acyl
chains are melted and experience trans-gauche isomer-
izations [18]. This lipid/water system has been largely
studied ([19] and references therein) as a model system of
biological membranes especially due to its anomalous
behaviours close to the main transition (liquid crystal-
line — ripple phase) temperature (7 ~ 298 K). The
powder data were analyzed using a recently proposed
full ¢ refinement method [13]. Even if liposomal sus-
pensions usually give rise to a few number of weak Bragg
reflections, nevertheless the developed theoretical appa-
ratus allows to obtain structural information such as
membrane thickness, hydrocarbon chain length and the
number of interbilayer water molecules per lipid without
additional volumetric measurements. According to the
model the diffracted intensity is analyzed in terms of

S(q)|F(q)
g~ SWIF@F "
q
The proposed method utilizes a S(g) modified Caillé
theory (MCT) structure factor given by the following
expression:

N-1
S(g)=N+2) (N —k)
k=1
> Cos(kqd)ef(d/h)zqzw(nk)*(d/Zn)zqzm’ (2)

where N is the mean number of coherently scattering
bilayers, y is the Euler’s constant, d is the lamellar pe-
riodicity and #, is the Caillé parameter

TCkBT

— B 3
m 2\/§1?C'd27 ()

which depends on the bulk modulus of compression B
and the bending rigidity of the bilayer K¢ [13]. In the
case of un-oriented lipid vesicles the Caillé theory yields
n, whereas no information can be obtained about K¢
and B independently.

The form factor F(q) is the Fourier transform of the
electron density profile p(z) which is modeled as a
summation of two Gaussians representing the polar re-
gion and the methyl group (Fig. 1)

F(q) = V2n[20u exp(—a5,q*/2) cos(qzu)

+ ocpexp(—aeq®/2)]. (4)
The widths of the Gaussians are given by oy and gc
whereas p = py/pc is the ratio between the electron

densities of the headgroup, py and the hydrocarbon
tails, pc, both normalized to the methylene electron

density pcy,. Interestingly, the model relies on the
assumption that, along the normal to the bilayer, a re-
gion of constant electron density is occupied by the
methylene groups on the fatty acid chains, between the
headgroups and the methyls. This region can be mod-
eled as a strip of constant electron density. Fig. 1 also
displays that the bilayer thickness can be retrieved by
the following geometric relation:

dB = 2(ZH + 2()'].[)7 (5)

whereas the hydrocarbon chain length is
dc = zy — o, (6)

where oy, according to [19], is the half-width at half-
maximum of the Gaussian representing the polar region
and can be assumed as a realistic estimate of the head-
group size. Simple geometrical considerations allow to
calculate the water layer thickness d,,

dy =d — dy, (7)

and the total number of water molecules per lipid mol-
ecule, including the molecules inserted into the lipid
bilayer

_A(d)2~z)
my =S, (®)

where 4 is the area per lipid and V;, is the volume of one
water molecule (~ 30 A3%). For determining A4, different
methods have been proposed ([19] and references
therein). Among these, the approach suggested by
Lemmich [20] and reported by Pabst et al. [13] does not
require volumetric data

1 png. n%)
A=——— -, 9
PCHZ(P— 1) ( dc  dn ®)

where n¢. is the number of hydrocarbon electrons, nf; the
number of headgroup electrons and dy is the headgroup
size which can be estimated from the full width at half
maximum of the Gaussian which represent the head-
group itself.

The EDXD pattern from the liquid crystalline phase
of unoriented multilamellar DMPC liposomes is shown
in Fig. 2. A lamellar periodicity d = 63.8 A was ob-
tained for the DMPC sample as determined from the
sharp first and second-order Bragg peaks. Considering
the well-defined multilamellar structures observed in
electron microscopy (EM) images (data not reported),
the pattern of Fig. 2 confirm the presence of multil-
amellar vesicles and can be interpreted in terms of the
(001) reflections of multilamellar structures with a
repeat distance d = 21/qoo; -

Each multilamellar vesicle consists of concentrical
spheres with the normal to the bilayers isotropically
distributed in space. Such unoriented samples display a
weak diffraction power which is taken into account by
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Fig. 2. EDXD pattern of DMPC multilamellar liposomes at 300 K.
The solid line represents the best fit to diffraction data obtained ap-
plying the full g refinement model (for details see the text).

the Lorentz factor 1/¢° in Eq. (1). Fig. 2 also shows the
best fit (solid line) to the experimental data obtained
applying Eq. (1) and the structural fit results are re-
ported in Table 1.

Nagle and Tristram-Nagle ([21] and references
therein) reported only two orders of diffraction for un-
oriented DMPC bilayers in excess water conditions.
Unfortunately, it is well established that detailed struc-
tural information, such as the widths of the headgroup
and the methyl, cannot be anyway retrieved trough
Gaussians if less of four orders of diffraction are re-
corded and only the Bragg peaks are considered. Partly
dehydration of the sample via osmotic experiments is a
common way to circumvent this problem. Detailed
structural information on the fully hydrated system is
obtained through subsequent extrapolations to zero
osmotic pressure which, unfortunately, can be inherent
to uncertainties. Pabst et al. [19] collected intensity data
up to ¢ = 0.55 A~! but, even in this study, the Bragg
reflection information content consisted of only two

Table 1
Structural parameters of the full g refinement model applied to the
EDXD data of DMPC at 300 K

Parameter Value

N 1741

d (A) 63.8+0.1
dy (A) 46.8

dc (A) 13.3

dy, (A) 16.5+0.1
Ny 29

zn (A) 16.8

on (A) 3.29

oc (A) 4.45

p -1.1540.001
" 0.081

k* (1072 a.u.) 1.3

“k is the scaling factor of the model to the diffracted intensity.

orders of diffraction plus diffuse scattering. On the other
hand, the above discussed MCG theory [13] also de-
scribes the diffuse scattering and finds out structural
information hidden in the diffuse background scattering
between Bragg peaks. Applying it, Pabst et al. were able
to derive fundamental structural parameters of fully
hydrated DMPC bilayers suggesting an attractive ex-
planation to the pretransitional anomalous swelling of
DMPC. The used procedure appeared to be a very
promising method to derive structural parameters even
if the number of recorded Bragg peaks is less than four.
This is the main reason for applying MCG theory in the
present study. Combining Egs. (6) and (9) the area per
lipid 4 = 58.9 A? was calculated and this value seems to
be in very close agreement to the value reported by
Pabst [19] at the same temperature. For this calculation,
the methylene electron density pcy, = 0.292 e A3 was
calculated using the methylene volume reported by
Nagle and Tristram-Nagle [21] for the liquid crystalline
phase of lecithins.

Inserting then this value into Eq. (8) the number of
water molecules per lipid molecule ny, =29 was also
obtained. In addition, information about the number of
waters per lipid, required to fully hydrate multilamellar
arrays was also obtained from thermogravimetric mea-
surements which closely confirmed the calculated value.
In conclusion, all the structural parameters obtained
applying the full ¢ refinement model to our powder
diffraction data are in good agreement with those else-
where reported [13,21]. Thus, these preliminary mea-
surements on the well-characterized DMPC/water
system in the liquid crystalline phase revealed that
EDXD can be successfully used to derive structural in-
formation from unoriented multilamellar liposomes at
full hydration which actually represent a frequent mea-
surement condition.

As above discussed, the relationship between the
chemical structure of a surfactant and the physical
properties of the self-assembled aggregates in aqueous
solution is not a trivial argument and is currently at-
tracting a great deal of attention [7]. The structural
properties of the cationic gemini surfactant SS were
investigated under experimental conditions analogous to
those employed in the case of DMPC. The fully
hydrated samples were explored as a function of tem-
perature between 290 and 320 K. We were particularly
interested in this ‘physiologically relevant’ temperature
range because of the promising use of SS as DNA
condensing agent in binary surfactant mixture employed
in gene delivery [7]. A detailed picture of the thermal
behaviour of SS is plotted in Fig. 3. At 290 K the dif-
fraction pattern shows a pronounced diffraction maxi-
mum and its higher order reflections at g = 0.219 Al
g=10438 A7! and ¢=0.655 A~!, respectively. Ac-
cording to EM images (data not reported) we take these
reflections to be the crystallographic reflections of
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Fig. 3. First-order Bragg peak of SS multilamellar aggregates as a
function of temperature (expressed in Kelvin). The solid line is a guide
to the eye.

multilamellar structures with a characteristic d-spacing
of 28.7 A. This finding confirm, that SS molecules, in
aqueous solution, assemble into multilamellar vesicles
with a well-defined stacking repeat distance. Firstly, the
small value of the repeat unit implies that the Ci¢ acyl
chains are melted and conformationally disordered in
contrast to the nearby all-trans configuration in lipid
crystals. Otherwise, the very small d-spacing could also
indicate that SS has interdigitated chains.

Moreover, this finding could suggest that the thick-
ness of the water layer between opposing bilayers is
extremely thin.

In order to elucidate the physical properties of the
aggregates, all the powder data were analyzed using the
full ¢ refinement model. Fig. 4 shows a typical best fit to
our experimental data. The structural results obtained
using Eqgs. (5)—(8) are listed in Table 2.

It is noteworthy to evidence that the method gives an
appreciable fit for the full g-range investigated, i.e., in-
cluding the diffuse scattering between Bragg peaks which
is modulated by the bilayer form factor.

It is not an irrelevant point. Indeed, the usually ap-
plied MCT data analysis only works in proximity of
Bragg peaks neglecting diffuse scattering between them
[22].

Starting at 290 K and on increasing temperature, the
bilayer shows a continuous decrease in thickness
(Fig. 5a) and the thin water layer experiences about the
same reduction (Fig. 5b). Thus we can assume that the
observed decrease in d can be essentially attributed to a
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01 02 03 04 05 06 07 08 09

Fig. 4. Diffraction pattern of SS at 290 K. The solid line is the best fit
to the data.

Table 2
Structural parameters of the full ¢ refinement model applied to the
EDXD data of cationic Gemini surfactant SS at 290 K

Parameter Value

N 1941

d (A) 28.7+0.1
dy (A) 24.6+0.1
dc (A) 10.5+0.1
dy, (A) 4.1+0.1
Ny 3.5

zn (A) 11.02+0.06
on (A) 0.51+0.06
oc (A) 2.51£0.06
k(1072 a.u.) 1.3

"k is the scaling factor of the model to the diffracted intensity.

29.0 A
28.5 (a)
g 28.0
=}
4.0 -
(b)
3.5 -

285 290 295 300 305 310 315 320 325
temperature (K)

Fig. 5. Thermal behaviour of the d-spacing (a), the water layer
thickness dy, (b), as a function of temperature in the range 290-320 K
in fully hydrated SS samples.

reduction of the thickness of the water layer. This effect
was also observed in cooling scans (data not reported)
with only slight differences in the relative amplitudes of
diffraction maxima.
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The reduction in d-spacing observed in the investigated
temperature range is similar to that found in 1-palmitoyl-
2oleoyl-sn-glycero-3-phosphocoline (POPC) multilamel-
lar vesicles by Pabst et al. [23] and in many other lipid/
water systems [24-26]. The physical mechanism underly-
ing the observed diminution in d could also be related to
an increasing bending rigidity modulus. The thermally
induced reduction of membrane flexibility leads to re-
ducted density thermal fluctuations which would reduce
repulsive forces between bilayers and therefore reduce
dy. Furthermore, it has recently been proposed that the
degree of water ordering increases with decreasing inter-
lamellar separation [27]. These effects can drastically re-
strict the motional freedom in direction along the
membrane normal. As a result, the amplitude of the dif-
fraction maxima increase and the first-order full-width
at half-maximum (FWHM) decrease as temperature
increases. This interpretation is enforced by the evolution
of the normalized diffracted intensity which monoto-
nously increases with growing temperature as evident in
Fig. 3 and confirmed by other studies [23,24]. Addition-
ally we observe that the Bragg peaks become shorter and
the curve between them becomes higher, the farther from
the origin.

These effects are imputable to the ‘second-order dis-
order’ caused by the random variations in the distance
from one bilayer to the next [28,29]. This is also con-
firmed by the observation that the FWHM’s increase
with increasing transfer momentum. The total number
of water molecules can be estimated if the lateral area 4
per lipid molecule is effectively known.

From Eq. (9) a value 4 = 34 A? is directly calculated.

Combining Egs. (8) and (9) we found n,, = 3.3 waters
per SS molecule at 290 K whereas thermogravimetric
measurements revealed the very close value ny, = 3.5.
This relatively small number of tightly bound water
molecules could probably indicate a very rigid packing of
the headgroups. Furthermore the same nature of the in-
terfacial region and, in particular, the capability to form
hydrogen bonds seems to be of central importance [28].

Recent studies confirm that the number of water
molecules held around the different components of the
headgroup strictly depends on the directional hydrogen
bonding ability in the headgroup. In the second solva-
tion shell, the water molecules are weakly bonded even if
they are absolutely critical for determining the physical
properties of the system [30].

Indeed the hydrophilicity and wetting of bilayer sur-
face are essentially attributed to the attractive forces
between surface groups and water via hydrogen bonds.
In this sense, the nature of the headgroup may be the
rationale to govern the level of hydration [31,32].

In conclusion, our results demonstrate that EDXD
can be successfully applied to retrieve detailed structural
informations from multilamellar liposomes at full hy-
dration. We have also shown that SS molecules in

aqueous solution self-assemble into multilamellar vesi-
cles with a well-defined d-spacing which decreases as
temperature increases between 290 and 320 K. We have
applied the full g refinement model to this gemini sur-
factant for the first time characterizing the structural
features, packing properties and level of hydration of
the aggregates in aqueous solution. Further experimen-
tal efforts to investigate the physical properties of binary
mixtures containing cationic surfactant SS as DNA
condensing agent are currently in progress in our
laboratory.
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